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ABSTRACT
In this paper the seismic response of a real homogeneous earth dam, located in the south-east of 
Italy, is studied using a two-dimensional finite element code which implements the fully-coupled 
effective stress approach. The stress-strain behaviour of the involved soils is simulated through 
an advanced constitutive model developed within the framework of kinematic hardening and 
bounding surface plasticity. The dynamic response of the dam is illustrated in terms of signal 
amplification, permanent excess pore pressures and cumulated displacements during the shaking. 
1  INTRODUCTION
The behaviour of earth dams subjected to seismic actions has traditionally been analysed using 
semi-empirical approaches or simplified numerical methods. More recently, the fully-coupled 
effective stress formulation for the solid-fluid interaction [1, 2] has received increasing attention 
in the field of dynamic analyses of earth embankments. The design of such structures necessarily 
requires the analysis of the effects of the dynamic loading conditions on their stability and 
serviceability. In this context, the use of a constitutive model capable to capture the main 
features of the cyclic behaviour of soils, such as state dependency, early irreversibly, non-
linearity, build-up of excess pore pressures, decrease of nominal stiffness and related hysteretic 
dissipation, is essential. The implementation of such non-linear constitutive models into 
numerical codes can significantly improve the prediction capabilities of the stress-strain response 
of large dams during static service conditions and under seismic loading (e.g. [3-6]). 
The paper describes a preliminary numerical study of the dynamic behaviour of a real 
homogeneous earth dam using the 2D finite element code SWANDYNE II [7] and adopting the 
Rouainia & Muir Wood model [8] to simulate the mechanical behaviour of the involved clayey 
soils. The same earthquake record has been scaled to two different peak accelerations and 
applied at the bedrock level. The seismic response of the embankment is discussed in terms of 
modification of the input signal along the dam axis as well as earthquake induced permanent 
displacements and build-up of excess pore water pressures inside the structure. Finally, the 
performance of the numerical model is tested by changing the size of time step employed in the 
dynamic simulations. 
2  NUMERICAL FORMULATION
In the context of finite element analysis, assuming that the relative velocity of the fluid phase is 
negligible, the system of ordinary equation that results from the u-p formulation (in which u is
the displacement of the solid phase and p is the pore fluid pressure) can be written as follows:
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where M is the mass matrix, B is the strain-displacement matrix, %& is the effective stress tensor,
Q is the coupling  matrix between the motion and flow equations, H is the permeability matrix, S
is the compressibility matrix, f
p
 is the force vector for the fluid phase and f
s
 is the force vector
for the solid phase. The algebraic counterparts of Eqs. (1) and (2) are obtained by applying a 
time-integration scheme. Assuming that the values of displacements, pore pressures and their
time derivatives ' (, , , ,n n n n np p! !! !u u u  have been obtained at time tn, the integration consists of 
updating ' (1 1 1 1 1, , , ,n n n n np p" " " " "! !! !u u u at the next time step tn+1 according to the Generalised
Newmark scheme. The solution of the above coupled non-linear equations is obtained iteratively 
using the Newton-Raphson procedure. 
The constitutive model, used for the first time in dynamic analyses of a geotechnical boundary 
value problem, has been formulated for natural clays within the framework of kinematic
hardening with some elements of bounding surface plasticity [8]. It is a rate-independent model
and it takes into account the effects of damage to structure caused by irrecoverable plastic
strains, resulting from sampling or geotechnical loading. The model is an extension of the well 
known Cam-Clay model. The decrease of stiffness with strain is controlled by an interpolation 
function which ensures a smooth movement of the elastic domain (which is enclosed in a small
bubble) towards the bounding surface during loading. A scalar variable r, which is a 
monotonically decreasing function of the plastic strain, represents the progressive degradation of 
the material. Accordingly, the following exponential destructuration law is adopted: 
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where r0 denotes the initial structure and k is a parameter which describes the rate of 
destructuration process with strain. The destructuration strain rate 
d)!  is assumed to have the
following form:
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pwhere A is a non-dimensional scaling parameter and v)!  and 
p
q)!  are the plastic volumetric and 
shear strain, respectively. The governing constitutive relations of the model are reported by [8]. 
3  CASE HISTORY 
The Marana Capacciotti dam is a homogeneous clayey embankment located in Puglia, south-east
of Italy. It has a height of 48 m and overlays 42 m of slightly overconsolidated alluvial silts and
stiff overconsolidated silty clays before the bedrock is reached. A mesh of 794 isoparametric
quadrilateral finite elements with 8 solid nodes and 4 fluid nodes has been used (see Figure 1), 
assuming plane strain free draining condition for all the analyses. 
Fig. 1. Adopted FE mesh and boundary conditions during static analyses.
The initial static stress state and the corresponding model internal variables have been obtained 
following the approach described by [6]. The dynamic behaviour of the dam has been simulated
by applying the horizontal component of the accelerogram registered at Kalamata (Greece) 
during the earthquake of September 1986 to the fixed solid nodes at the base of the structure. The
input motion, which is characterised by a dominant frequency of 1.63Hz and a length of 29.75s, 
has been scaled to two different peak accelerations, equal to 0.30g and 0.15g. The dynamic
analyses have been performed using tied-nodes boundary conditions along the vertical sides of
the mesh. No numerical damping has been introduced through the time step integration scheme,
while only 2% of Rayleigh damping associated to the frequencies 0.477 and 2.385Hz has been 
added in the dynamic simulations. 
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Fig. 2. Comparison between Fourier spectra along the dam axis.
Figures 2a and 2b show the comparison between the input motion applied at the bedrock and the 
acceleration time histories computed at the base and at the crest of the embankment in terms of 
Fourier spectra. It can be seen that the amplification of the seismic signal essentially occurred
between the base and the crest of the dam due to topography effects: in both cases, the maximum
peak of the spectral acceleration is recorded at 0.81Hz with a second peak at 1.64Hz,
corresponding to the dominant frequency of the bedrock signal.
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Fig. 3. Normalised profiles of maximum
accelerations inside the dam.
Fig. 4. Contour lines of shear strain at the end of the earthquakes.
The normalised profiles of maximum accelerations inside the dam (see Figure 3) indicate again 
the significant amplification of the input motion when it reaches the top of the dam. This is
consistent with what has been reported in the literature [9]. The non-linear and irreversible
response of the earth dam subjected to the dynamic action leads to a crest settlement of 0.74m in 
the case of a peak input acceleration of 0.30g and to 0.20m in the case of the earthquake scaled 
to 0.15g. The contour lines of shear strain recorded at the end of the two simulations (reported, 
respectively, in Figures 4a and 4b in absolute values) indicate the seismic induced concentration
of plastic strains propagating from the toe of the downstream slope into the alluvial silt layer. 
This is accompanied by the build-up of excess pore water pressures inside the embankment
throughout the shaking, as shown in Figure 5 for different depths from the crest along the dam 
axis. Finally, the numerical performance of the model has been tested by varying the time step
sizes adopted in the dynamic simulations, as suggested by [10]. No significant differences were 
observed in the results of the dynamic analyses when the time step was reduced from 10ms to a 
minimum value of 1ms.
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Fig. 5. Excess pore water pressure time histories recorded along the dam axis.
4  CONCLUSION 
A preliminary numerical study of the dynamic behaviour of a real homogeneous earth dam using 
a fully-coupled non-linear approach has been presented in the paper. The adopted constitutive 
hypothesis, tested for the first time in dynamic conditions, and the employed solid-fluid
interaction scheme have allowed to predict reasonable permanent displacements of the 
embankment, due to seismic induced plastic strain accumulation, and the development of excess 
pore water pressures inside the structure throughout the shaking. No significant differences have 
been observed in the results of the dynamic simulations by varying the integration time step. 
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